Two new methods, the modified International Dairy Federation and the modified Tiron methods, were developed for the determination of hydroperoxides in liposomes. Interferences of ␣-tocoferol and egg-phosphatidylcholine (EPC) required a solid-phase extraction before the analysis to eliminate ␣-tocoferol and a fluid-fluid extraction based on the solvent triangle of Bligh and Dyer to separate EPC. The developed color, using thiocyanate and Tiron, respectively, as complexformers for the generated ferri-ions, was measured spectrophotometrically. Both techniques showed good reproducibility and high sensitivity. Peroxide contents of 0.04 and 0.07% (g/g) in EPC samples were easily determined.
P eroxidation of unsaturated lipids, initially studied in the chemistry of oil and fat rancidicity, has become a problem of increasing interest in the biological field and in food and pharmaceutical preparations because of its role in a variety of pathological conditions (1) . The oxidation of lipids in foods produces undesirable effects, including loss of fat-soluble vitamins, generation of off flavors, palatability problems, and even production of toxins that cause food poisoning (2, 3) . In the pharmaceutical field, the same negative effects can occur in emulsions and liposome suspensions in which phospholipids are used (4) . Oxidative stress may also contribute to pathological processes in aging and many severe diseases in the human body, such as diabetes, atherosclerosis, and cancer (5) .
Polyunsaturated fatty acids (linoleic, linolenic, and arachidonic acid), present in food oils and egg-phosphatidylcholine (EPC), the main component of liposomes and many emulsions, are very susceptible to oxidation. Various factors promote the autooxidation in fatty acids, such as the amount of unsaturation of the fatty acids, heat, oxygen, and the presence of prooxidants (metals) (6) . The essential stages in the oxidation process include bond migration, set into motion by radicals. This reaction is succeeded by the formation of conjugated dienes and, in a further step, the hydroperoxides. Ring formation to endoperoxides and subsequent cleavage to short-chain aldehydes and oxides complete the process (7) .
From many points of view, it seems to be important to analyze these degradation products, especially hydroperoxides, using a simple assay for their measurement. Many of the currently used methods are nonspecific or inconvenient, such as the Fox-method, which involves oxidation of Fe 2+ ions to ferri-salts, complexing with xylenol orange at low pH (3, 5) ; the official AOAC method and the American Oil Chemists' Society method, both based on iodometric titrations, which lack sensitivity and require large amounts of sample (3) ; and the International Dairy Federation (IDF) method (8) , which is also based on the ability of peroxides to oxidize Fe 2+ to Fe 3+ ions, but is limited to determination of peroxides in milk fat (3) .
Most of these methods have been applied selectively only to certain food and biological systems and to the determination of peroxide levels of fats, e.g., dairy, poultry, meat, and vegetable lipids (3) . Attention is needed when specific excipients for protection of the encapsulating agent or liposome components, such as antioxidants, are added to liposomes. However, the influence of the analyzing component itself, EPC has not been investigated.
We applied a modified IDF method on a reference standard of cumene hydroperoxide and on the hydroperoxides, which can occur in EPC, as one of the components used in the preparation of liposomes, to make it simple and applicable for the determination of peroxides in liposome suspensions. Another method, also based on the complexation of the formed Fe 3+ ions, uses Tiron to develop a blue instead of a red color with thiocyanate in the modified IDF method.
The objective of the study was the investigation of 2 new methods for determination of hydroperoxides in liposomes, namely the modified IDF method (8) and the modified Tiron method (9) in comparison with iodometry (10) and the IDF method (3), developed for determination of hydroperoxides in dairy products. Interferences of matrix components, especially EPC and vitamin E, generally added as antioxidant and standard added to EPC were investigated. Both methods were compared with iodometry (10) and the standard IDF method (3, 8) , based on the principles shown in Table 1 .
Experimental

Materials and Apparatus
Egg phosphatidylcholine (EPC) was purchased from Lipoid (Ludwigshafen, Germany) and cumene hydroperoxide from Fluka (Buchs, Switzerland). The following products were all obtained from (E. Merck, Darmstadt, Germany): ␣-tocopherol (vitamin E); ferrous chloride.quadrihydrate and ammonium thiocyanate (for the IDF-method); potassium iodide (KI), acetic acid, and cadmium acetate (for the iodometric method); HCl, chloroform, and methanol in all the methods. Tiron (disodium,1,2-dihydroxybenzol-3,5-disulfonic-acid) from Sigma Chemical Co. (St. Louis, MO) was used in the Tiron-method. Milli-Q water (Millipore Corp., Bedford, MA) was used for the aqueous solutions.
A Uvikon 860 spectrophotometer from Kontron Instruments (Belgium) was used for measurements in UV and visible range. A vortex from Winn and the centrifuge Mistral-400 from MSE were used in the Bligh and Dyer extraction. C 18 3 mL SPE columns from Bond-Elut Analytichemical International (Germany) and Sep pak 3 mL silica gel columns from Baker (Phillipsburg, NJ) were used.
Preparation of Solutions and Reagents
For each method, standard solutions containing cumene hydroperoxide, as a reference for hydroperoxides in fats and liposomes, and the reagents with different content and/or concentration were prepared. Influences from the analyte, EPC, excipient from the liposomes, and vitamin E, were observed, and the IDF and Tiron methods were adapted.
(a) Iodometric Method.-(1) Standard Solutions and Reagents.-All the solvents used for preparation of reagents and solutions were purged with nitrogen for 30 min. The following solutions and reagents were then prepared: (a) a standard solution of 0.8 mM cumene hydroperoxide was prepared in ethanol; (b) 7.2M KI was dissolved in MQ water; (c) acetic acid was mixed with chloroform (3 + 2, v/v); (d) 0.5 g cadmium acetate was dissolved in 100 mL MQ water. 84 mM cumene hydroperoxide in methanol, i.e., namely 0 (for the blank), 0.5, 1.0, 2.0, 2.5, and 3.0 mL, the procedure described above was applied. The solution reached from the procedure, was analyzed spectrophotometrically at 505 nm.
(c) Modified IDF Method.-The same solutions and reagents from the normal IDF method were used in the modified IDF method, which differs in the way formed ferri-ions are separated from EPC into the aqueous phase where the color is developed. (1) Standard Solutions and Reagents.-The same solutions as for the normal IDF method were prepared: (j) chloroform was mixed with methanol (33 + 66, v/v) (C 1 M 2 ); (k) a standard solution of 0.2 mM (k) cumene hydroperoxide was prepared in C 1 M 2 solution; (l) a solution of 2 mL 10M HCl in 100 mL MQ water was prepared; (m) 1.14M ferrous chloride и quadrihydrate (Fe 2+ ) was dissolved in solution (l); (n) a 60 mM ammonium thiocyanate solution was prepared in MQ water. MQ water and chloroform were nec- essary for development of the biphasic system and extraction of the ferri-salts into an aqueous phase. (2) Procedure for Color Development.-To a certain volume of the standard solution of 0.2 mM cumene hydroxyperoxide (k), the C 1 M 2 solution (j) was added to a volume of 3.0 mL. Then 0.8 mL ferrous chloride solution (m) was added, and the monophase was developed. With supplemental addition of CHCl 3 and MQ water from each 1 mL, a biphasic system was formed. After centrifugation for 5 min (2500 × g), 2 clearly separated phases were developed; the aqueous part, containing the total volume of methanol + MQ water, was the upper one. To 2 mL of the upper phase, 0.4 mL thiocyanate solution (n) was added for development of the color. The solution was intensively mixed with the vibromixer for several min. If necessary, the sample was centrifuged again under the same conditions as before to get a clear solution. (3) Color Measurement and Calibration Line.-Different dilutions of the standard solution of cumene hydroperoxide (k) were prepared, with concentrations ranging from 0 to 0.1 mM. To 3 mL of each solution, the procedure for color development, described above, was applied. A blank was also prepared under the same conditions. The solutions reached from the procedure were measured spectrophotometrically at 478 nm. ferent concentrations were prepared, using the standard solution of cumene hydroperoxide (t) with concentrations varying from 0 to 0.6 mM. The procedure for color development, as described above, was then applied to each solution and the blank. The blue ferri-complex in the water phase was spectrophotometrically measured at 678 nm.
(f) Procedures for Testing Interferences with the Methods.-The interference of EPC and vitamin E on the classic Tiron and IDF methods was tested. A 0.1 g amount of EPC was added to 10.0 mL standard solution of cumene hydroperoxide, selected from the calibration line. The same procedure was followed for vitamin E, of which 1 mg was added to the cumene standard. The measurements were made spectrophotometrically by taking a spectrum of the 3 solutions. The absorbance was determined at 505 and 650 nm, depending on the colored complex, developed according to the IDF and Tiron methods.
Results and Discussion
Evaluation of Standard Methods, Iodometry, and Classic Methods of IDF and Tiron
(a) Calibration Lines with Iodometry.-Preliminary work showed that with iodometry all solvents must be flushed with nitrogen, as demonstrated by New (10) . Without these precautions, oxidation caused by oxygen in the water can degrade the reactant KI. The addition of cadmium acetate as complexing agent of KI after reaction with hydroperoxides protects the developed color against degradation. The cadmium salt affects the sensitivity of the technique, because it is absorbed at the first peak in the UV spectrum of KI 3 at 288 nm, which is the most sensitive. Therefore, measurements must be made at 353 nm. After all the test solutions are flushed with nitrogen for 30 min, analysis is performed. Results are summarized in Table 2 .
Linearity was noted up to 50 nM cumene hydroperoxide, giving absorbance values between 0 and 1.6. Intra-as well as interday experiments showed poor reproducibility, with variance exceeding 20%. Absorbance for a 10 nM solution of hydroperoxide varied between 0.250 and 0.440.
(b) Calibration Lines with Classic IDF and Tiron Methods.-With the classic IDF method, using cumene hydroperoxide as standard, no problems were observed in obtaining a calibration line. The small volumes of 50 µL from thiocyanate and ferrous chloride solutions ensured a monophasic system. Both reagents, in excess, ensured total reaction of the hydroperoxide. Thiocyanate reactions are described as simple and sensitive. Color development, however, depends on the ionic strength of the solution, the presence of other ions, pH, dielectric constant, temperature, and light. Under our test conditions, reproducibility was good. Linearity was observed from 0.2 to 1.6 absorbance values, corresponding to end concentrations ranging from 0.0042 to 0.0294 mM cumene hydroperoxide in solution. Reproducibility was tested by determining the variation coefficient on the slope of 3.90%.
Schwarzenbach and Willi (9), presented Tiron complexes with ferri-salts as 1:1 complexes in acid medium, developing a blue color. These complexes can also be applied for determination of hydroperoxides by colorimetry. Therefore, another method was developed by using comparable concen- trations of ferrous chloride, namely, the classic Tiron method, in which Tiron was used as complexing agent for the formed ferri 3+ ions. As with the IDF method, analogous research was performed, using cumene hydroperoxide as reference peroxide. A better reproducibility on the slope (1.5%) was obtained in comparison to the classic IDF method.
Interferences of Matrix Components of Liposomes on Classic Methods
Up to now calibration lines were reached with good reproducibility on standard hydroperoxides, using cumene hydroperoxides as reference. Hence, when the classic IDF and Tiron methods were used on real samples such as liposomes or EPC in purity analysis, some remarkable changes in color development and reduced sensitivity were noticed. To learn the causes and mechanisms of these phenomena, an investigation was made of the interferences of liposome components, especially EPC and vitamin E. Interferences of EPC and vitamin E were tested on the classic IDF and Tiron methods (without biphasic system). The results are presented in Figure 1 and Table 3 . The influence of vitamin E and EPC was detected on both methods as follows:
A displacement of the max from 500 to 478 nm for IDF method due to color change of the complex and turbidity of the solution in the Tiron method was detected. The effect can be explained by the formation of a secondary complex between ferri-thiocyanate and EPC. This occurs easily while being used as a general method for EPC dosage, in which the complex of EPC-ferri-thiocyanate is formed with the organic phosphor of EPC and extracted to chloroformic phase, according to the principle of Stewart (11) . Results of the Tiron method show that EPC is not soluble in the aqueous Tiron reagent.
The decrease of absorbances in the presence of vitamin E is due to its antioxidative properties. The oxidation of ferro to ferri-ion induced by hydroperoxides in a liposome suspension is the fundamental principle of both the IDF and the Tiron methods. This reaction is reduced in the presence of vitamin E.
Elimination of Interference of Liposome Components on the Methods
Both EPC and vitamin E have to be eliminated in determining dosage of hydroperoxides in liposomes, taking into account at which step of the reaction they must be absent. Both products are removed by a specific extraction technique. Vitamin E has to be removed before the reaction of ferro to ferri takes place. EPC, on the other hand, must be present during the reaction of ferro-ferri-oxidation, because it contains one of the reaction products. But it has to be removed from the reaction medium before the colored complex of ferri with thiocyanate or Tiron develops.
(a) Elimination of Vitamin E Interference.-An extraction technique for removal of vitamin E, before starting the dosage methods was presented by New (10), namely, a solid- phase extraction in 2 steps (Figure 2 ): the aqueous part of the liposome suspension was removed by eluting on a C 18 column; and vitamin E was removed from the liposome components with chloroform on a silica gel column. Then the vitamin E-free EPC was eluted with methanol. Practical application and usefulness of the extraction technique was confirmed by the following results. The methanol and chloroform extract of the second step was controlled in the presence of vitamin E by measuring at the max of the product at 290 nm in UV. The methanol phase did not contain any product of vitamin E, whereas the chloroform phase did for 100% EPC extraction recovery. The 100% extraction recovery of EPC in MeOH was tested with the Stewart reaction (11) .
Note: The test solutions should be dried totally to eliminate methanol, which influences color development. When the sample still contained methanol, absorbances were 1.3-1.6 too high. Stewart (11) mentioned the need for drying, but without explanation. According to the triangle of Bligh and Dyer (12), a fraction of the methanol can be present in the chloroformic phase, increasing the color. Indeed, the color of ferrithiocyanate increases in the presence of solvents containing oxygen in their chemical structure (13) .
(b) Elimination of EPC Interference.-An extraction technique is used to separate the developed ferri-salt and EPC, which means after development of ferri-salt in the monophase, containing water, methanol, and chloroform, and before development of the ferri-SCN --complex in the biphase with water and methanol in the upper part, and chloroform in the lower phase.
The selection of the ratio of methanol-chloroform-water was based on the solvent triangle of Bligh and Dyer (Figure 3 ) (12) . In this method, fish samples were dissolved in a monophasic mixture and their lipids were extracted by creating a biphasic system with solvents of water, methanol, and chloroform. This procedure was applied to the IDF and Tiron methods.
The triangle of Bligh and Dyer (12) is a practical approach to calculate the ratios of water, methanol, and chloroform to develop the mono-and the biphases in the first place, but on the other hand, the biphase has to be a good solvent for EPC, separated from the polar upper part, water, and methanol, in which the ferri-thiocyanate-complex can develop easily. Table 4 gives the relative weight ratios of water, methanol, and chloroform and the corresponding volumes to develop a mono-and a biphase, respectively.
The triangle (Figure 3) shows that other solvent compositions are possible to produce a monophasic or biphasic system. However, as described by Bligh and Dyer (12), the volumes, as presented in Table 4 , were considered most favorable for extraction and to reduce chloroformic volumes. Table 5 precisely describes how both phases are practically accomplished in the modified IDF and the modified Tiron methods.
Using that system (Table 5 ), a clear monophase was developed and the oxidation of ferro to ferri induced by cumene hydroperoxide or the hydroperoxides from EPC was performed. By adding 1.0 mL chloroform and 1.0 mL water, EPC of the ferri-salt was extracted by developing a biphasic system composed of 2 clear phases, the upper part containing water and methanol, and the ferri-salt; and pure chloroform, containing EPC, in the lower part. This extraction was not influenced by the content of EPC. For both the IDF and Tiron methods, the Bligh and Dyer extraction was applied and both techniques were evaluated on stability and reproducibility. 
Evaluation of the New Modified IDF and Tiron Methods
(a) Improvement and Linearity of the Modified IDF Method.-In a first experiment for calibration, 1.16 mM ferrous chloride was used. The linearity was measured on end concentrations of cumene hydroperoxide from 0 to 0.14 mM, giving absorbance values from 0 to 1.2. The influence of FeCl 2 and thiocyanate concentrations on the color development was then studied using higher concentrations of FeCl 2 and ammonium thiocyanate (2-4 times higher). Results are described in Table 6 .
The concentration of FeCl 2 did not affect absorbance or the color, which can be explained by the 1:1 reaction of FeCl 2 , which takes place in the presence of excess reactant. In contrast, ammonium thiocyanate strongly influences the spectrophotometrical characteristics of the complex. Higher absorbance and a change of color by an increase of the maximum wavelength were observed. The possibility of the formation of many complexes of Fe 3+ ions with ammonium thiocyanate was suggested by Jaulmes (13) . Because fractions of peroxides <0.1%, using, for example, 0.1 mL liposome suspension (containing 10 mg EPC) for extraction, can be analyzed with the present method, it is not beneficial to add more ammonium thiocyanate to obtain higher sensitivity with higher ferri-thiocyanate-complexes. Other practical corrections on the method (e.g., using 3 mL of different concentrations of cumene hydroperoxide by taking different volumes of a stock solution of cumene and filling to 3 mL instead of preparing them separately; and other changes to get better ratios of water-methanol-chloroform in the mono-and biphasic systems with respect to the points of the triangle of Bligh and Dyer) ameliorate the repeatability of the method.
Thus, the original concentration of ferrous chloride and thiocyanate were retained, which means 0.075M ferrous chloride and 3.95M thiocyanate as start concentrations. Quantitation limit and linearity were determined on end concentrations of cumene hydroperoxide from 0 to 0.07 mM, giving absorbance values from 0 to 1.1. This calibration was repeated between days and the variance was calculated. 0.0043, shows a nearly twofold higher sensitivity of the first one (Table 7) . Table 8 . Evaluating these results, we can conclude that the modified IDF and the modified Tiron methods are more suitable than iodometry. Both methods are easier to execute than iodometry, where all solvents have to be flushed with nitrogen and reagents have to be protected from light. In addition, the reproducibility on standards is still fairly difficult and not as good as that for the new developed methods.
Stability of the developed red ferri-thiocyanate complex and the blue ferri-Tiron-complex was higher than that obtained with iodometry. The start concentration of hydroperoxides to give an absorbance of 0.1 has to be at least 50 nM cumene hydroperoxide in iodometry because of the high dilution factor. With the dilution of the starting sample around 1.5 for the modified IDF and the modified Tiron methods, there is almost no sensitivity loss due to the procedure. Despite a higher molar extinction coefficient for the iodometric method, higher sensitivity is obtained for both techniques. The highest one was obtained with the modified IDF method.
Therefore, lower starting concentrations of hydroperoxides, namely lower cumene hydroperoxide in standard solutions (respectively, 11.6 and 21.3 nM) and smaller contents of hydroperoxides in samples can be detected by these methods. For both techniques, quite low detection limits were observed compared to other methods. Thus, peroxide contents, <0.04 and 0.07% (g/g) in EPC samples, can be measured at an absorbance of 0.1.
Conclusions
Two new methods for the determination of hydroperoxides in liposome components (EPC), the modified IDF and the modified Tiron methods, were evaluated for stability, calibration, and reproducibility. They showed many advantages over the classic iodometry and standard IDF methods. Problems with the influence of the liposome matrix were resolved. Solid-phase extraction, according to New (10) , was tested against the vitamin E interference. Interference of liposomal ingredients was avoided by using a fluid-fluid extraction, according to the solvent triangle of Bligh and Dyer, by performing a monophase and a biphase. Hydroperoxides were determined by using ferrous chloride and thiocyanate or Tiron as coloring agents. The developed color was stable long enough to repeat the analysis. The 2 presented methods showed higher sensitivity than iodometry. Concentrations of < 0.1% hydroperoxides in liposome suspensions were detected.
We thus recommend the modified IDF method in the beginning of a stability test for its higher sensitivity and the Tiron method to finish a stability test for its higher reproducibility. 
